INTRODUCTION
Essential oils are mixtures of volatile organic compounds obtained by steam distillation, hydrodistillation, or cold pressing. Along with their olfactory qualities, they also have some cytotoxic properties: antibacterial, antiviral, antifungal, insecticidal, and antiparasitic (Burt 2004) , and sometimes even anticarcinogenic. They do not themselves carry a risk of genotoxicity, so they are safe for consumers (Bakkali et al., 2008) . Because of these properties, essential oils are often used in perfumery, cosmetics, and food, and even in medicine and aromatherapy (Roldán-Gutiérrez et al., 2008) .
An example of an essential oil with such a range of applications is carrot seed essential oil. It is used mainly in the food industry as a flavoring for soups, concentrates, grape wine, and nonalcoholic beverages, and also in the cosmetic and fragrance industry as a fixative (Saad et al., 1995; Surburg and Panten, 2006) . It has fungicidal and antibacterial properties (Batt et al., 1983; Dwivedi et al., 1991; Giraud-Robert, 2005; Kilibarda et al., 1996; Staniszewska et al., 2005) , and it has also been proven to be a hypotensive agent and a cardiac and central nervous system depressant (Saad et al., 1995) .
Carrot seed essential oil is obtained by means of hydro-distillation of ground waste seeds. The extraction of this oil, similar to the extraction of essential oils from other plants with endogenous oil bodies, is often difficult as the structure of plant tissue inhibits the migration of the extractant (water) and the release of intracellular metabolites (Pinelo and Meyer, 2008) . Due to these difficulties, new technologies are sought to improve the extraction process. Enzymes which catalyze the hydrolysis of glycosidic bonds in plants (mainly cellulases, hemicellulases, and pectinases) can be used for this purpose (Puri et al., 2012) . It has been found that such enzymes, as well as proteinases, facilitate the release of bioactive compounds (Pinelo and Meyer, 2008) , speed up extraction, and reduce the consumption of energy and extraction solvent (Puri et al., 2012) , which makes the process environmentally friendly. For the same reasons, it is advisable to pretreat plant material with enzymatic hydrolysis prior to essential oil extraction.
This study presents a method of plant material pretreatment prior to hydro-distillation, leading to a higher yield of essential oil and reduced production costs. The experiment involved the pretreatment of waste carrot seeds (Daucus carota L.) var. Koral with commercial enzyme preparations.
MATERIALS AND METHODS

Materials
Waste carrot seeds which lost their ability to germinate were obtained from a local producer ( 
Essential oil extraction
Seed preparation
Carrot seeds (100.0 g) were ground in a buhr mill and homogenized in 450.0 mL of water at 20.0 °C for 5.0 min using an MPW-324 homogenizer (Mechanika Precyzyjna, Warsaw, Poland).
Enzymatic pretreatment
a) Screening: Ground and homogenized seeds were subjected to the action of eight enzyme preparations at a concentration of 1.0 g·100.0 g −1 of seeds. The application of enzyme preparations was preceded by pH regulation in the appropriate range, as suggested by the manufacturer (Beckman Φ71, Beckman Instruments, Inc., 1981) using citric acid (70.0 g citric acid·100.0 mL −1 water). The slurry was then thoroughly shaken in a bioreactor (ReactorReady, Radleys equipped with a Heidolph RZR 2102 stirrer) for 18 hours, at the temperature suggested by the manufacturer. b) Optimization: Ground and homogenized seeds were subjected to the action of Esperase ® at a concentration of 0.5, 1.0, and 2.0 mL·100.0 g −1 of seeds. The application of the enzyme preparation was preceded by pH regulation in the range of 7.0-12.0 (Beckman Φ71, Beckman Instruments, Inc., 1981) using citric acid (70.0 g citric acid·100.0 mL −1 water). The slurry was then thoroughly shaken in a bioreactor (ReactorReady, Radleys equipped with a Heidolph RZR 2102 stirrer) at 25-45 °C for 0.5-18 hours (according to the Taguchi method). c) Optimization: the actions undertaken were analogous to those from a), applying mutatis mutandis: enzyme preparation -Esperase ® ; Esperase ® concentration 0.5-2.0 mL·100.0 g −1 of seeds; pH range 7.0-12.0, shaking conditions 25-45 °C, 0.5-18 hours.
Hydro-distillation
Plant material prepared according to step 2.2.1. (control sample -OeA) or 2.2.1.1. (OeB -sample pretreated with Esperase ® ) was placed in a 2 L flask, to which 550.0 mL of water was added. Hydrodistillation was performed in triplicate for 5.0 h in a hydro-distillation apparatus providing very good separation of phases through an odorless operation (Śmigielski et al., 2009 ).
Physicochemical properties of carrot seed essential oil
The refractive index of the carrot seed essential oil obtained by hydro-distillation from the control and enzyme-pretreated carrot seeds was measured using an Abbemat refractometer (Dr. Kernchen); optical rotation was measured using an Autopol IV polarimeter (Rudolph Research).
GC-MS analysis
The equipment used in the study consisted of a Trace GC Ultra gas chromatograph coupled with a DSQ II mass spectrometer from Thermo Electron Corporation, an Rtx-1ms capillary column from Restek (60 m long, internal diameter of 0.25 mm, film thickness of 0.25 μm). Signals from two detectors (FID, MS) were simultaneously collected using an MS-column flow splitter from SGE. The following parameters and conditions used were: programmed temperature 50-(3 min)-300 °C (30 min), temperature gradient 4 °C·min −1 , injector temperature (SSL) 280 °C, detector temperature (FID) 300 °C, carrier gas -helium, carrier gas flow rate at a constant pressure of 200 kPa, split of 1:20. The parameters of the mass spectrometer were as follows: ionization energy 70 eV, ion source temperature 200 °C, full scan mode in the mass range of 33-420. The flavor compounds in carrot essential oil were identified by GC-MS according to the mass fragmentation pattern and spectral comparison with standards from the NIST, Wiley 8 th edition and Adams Libraries as well as by comparison of retention indices with data from the NIST, Wiley 8 th edition, Adams Libraries, and the Pherobase (http://www.pherobase.com/).
Near-infrared spectroscopy
The spectrophotometer used was an FT-IR Nicolet 6700; number of sample scans 32, collection length 15.76 sec, resolution 8.000, levels of zero filling 1, number of scan points 8480, number of FFT points 16,384, laser frequency 15,798.3 cm −1 , interferogram peak position 4096, apodizationHapp-Genzel, phase correction-Mertz, number of background scans 32, background gain 1.0, wave range (wavenumber) 11,000-4000 cm −1 , detectorInGaAs, beam splitter: CaF 2, source-white light. The supplied software OMNIC and TQ Analyst were used for both the control of the spectrophotometer's work and the analysis of the obtained results.
Assessment of the antimicrobial activity of the essential oil
Microorganism cultivation and inoculum preparation
The following strains were used in the study: 
Antimicrobial test conditions
The antimicrobial activity of the essential oils was estimated by the impedimetric method using a Bactometer M64 (bioMerieux). The procedure was as follows: 0.1 mL of a standardized inoculum of the tested strain was placed in a Bactometer well containing a chemical agent at the tested concentration and a growth medium, adjusted to a final volume of 1 mL. The essential oils were added in the concentration range of 50 to 400 μL·mL −1 at 50 μL increments for P. aeruginosa, from 1 to 15 μL·mL −1 at 1 μL increments for B. subtilis, S. aureus, E. coli, A. niger and P. expansum and from 0.1 to 1 μL·mL −1 at 0.1 μL increments for Candida sp. B. subtilis, S. aureus, and P. aeruginosa strains were cultivated in GPM (General Purpose Medium) and the E. coli strain in EM (Entero Medium); yeast and molds were grown in YMM (Yeast Moulds Medium). GPM, EM, and YMM media are designated for the impedimetric evaluation of specified microorganisms by the manufacturer of the Bactometer, bioMerieux. Cell suspensions of 0.1 mL in 0.9 mL of the appropriate medium served as positive controls. Negative controls were bacteria and yeast/mold cultures with 0.5 μg·mL −1 of Novobiocin and 0.2 μg·mL −1 of cycloheximide, respectively. The microorganisms were incubated for 72 h at their optimal growth temperatures as indicated above. After incubation in the Bactometer, each culture was checked for microorganism viability by streaking on Plate Count Agar (PCA, bioMerieux). Plates were incubated for 72 h for bacteria and 120 h for yeast and molds at the optimal growth temperatures of particular microorganisms.
Minimal inhibitory concentration (MIC) was calculated as the minimal concentration of a chemical agent inhibiting microbial growth in Bactometer wells (all microorganisms were grown on PCA plates simultaneously).
All experiments were conducted in triplicate.
Sensory assessment
Sensory assessment was based on a forced-choice test (Baryłko-Pikielna and Matuszewska, 2009 ). The respondents were asked to decide which of the coded essential oils (i.e., the essential oil from seeds pretreated with Esperase ® or the essential oil from the control sample) was lighter and smelled more similar to the essential oil from carrot seeds obtained by another research team via the classical method. The analysis took place in a special sensory evaluation laboratory.
Statistical evaluation
The Taguchi method
The optimization of the enzymatic pretreatment of waste carrot seeds prior to hydro-distillation was performed according to the Taguchi experimental design approach, which allows for reducing costs and time consumption by eval uating several process factors at the same time with the smallest number of experimental runs based on a table known as the orthogonal array (Cukor et al., 2011; Chen et al., 2011; Tadayon et al., 2012; Benito-Román et al., 2011) .
For the problem under consideration, a L9 orthogonal array (Statistica 7.0) was adopted, consisting of 9 systems. The following factors which may influence enzyme activity were identified as critical: enzyme preparation loading (0.5; 1.0; 2.0 mL·100.0 g −1 seed), time (0.5; 2.0; 18.0 h), solution pH (7.0; 10.5; 12.0), and temperature (25.0; 35.0; 45.0 °C). The parameters of carrot seed enzymatic modification prior to hydro-distillation were optimized in terms of the levels of the above factors. The aim of optimization was to determine such levels of these factors that would ensure the highest efficiency of hydro-distillation, with oil yield chosen as the output factor. The study was randomized to avoid systematic errors and all the experiments were carried out in triplicate. The signal-to-noise ratio (S/N ratio, Eta) was calculated from the experimental data using a loss function, which gave a function transforming repetitive data to other values and was used as a measure of the variation present in the experiment. The characteristics of the maximum desired value were adopted and optimization was done by calculating the S/N ratio (Eta) (controllable factors/ confounders) according to the formula:
where n is the number of iterations and y i is the value of the output variable (the yield of the isolated essential oil).
The theoretical amount of essential oil was calculated for the determined optimum process conditions on the basis of the expected S/N ratio.
RESULTS AND DISCUSSION
Selection of enzyme type
The aim of this study was to develop an effective method of essential oil extraction which provides higher efficiency due to enzymatic hydrolysis. For this purpose, screening was performed on eight different enzyme preparations: four lipases (from M. circinelloides, R. miehei, and A. niger, as well as Lipex ® ), which are thought to cleave ester bonds both in cu ticle polyesters and cell membrane phospholipids, as well as glycosidic bonds in cell wall polysaccharides; two preparations which degrade the cell wall and its main components, cellulose and pectin: Celluclean classic ® cellulase hydrolyzing β-1,4-glycosidic bonds in cellulose and XPect ® pectinase hydrolyzing α-1-4 linked polygalactosyluronic acid; Esperase ® serine protease cleaving peptide bonds present in cell membrane proteins, and Stainzyme ® amylase hydrolyzing endo-1,4 bonds in starch, both in amylose and amylopectin.
Carrot seeds were subjected to the action of these eight enzyme preparations at a concentration of 1.0 g·100.0 g −1 of seeds for 18 hours under conditions suggested by the manufacturer. The results of the screening are shown in Figure 1 . Only three of the eight enzyme preparations investigated, M. circinelloides lipase, XPect ® pectinase, and Esperase ® protease, significantly influenced the efficiency of the essential oil extraction. The highest yield, higher by nearly 30% than that of the control sample, was afforded by Esperase ® , so this preparation was chosen for further studies.
Optimization of the process for enzyme-assisted hydro-distillation
The selection of appropriate conditions to ensure the optimum activity of the enzyme preparations used for the treatment of plant material, is a key step because the effectiveness of enzymatic digestion influences the efficiency of essential oil extraction. The application of the Taguchi method for the optimization of enzymatic processing conditions considerably accelerated this step.
Following the results of preliminary screening, Esperase ® protease was investigated with a view to optimize its processing conditions. The results obtained from 9 experiments conducted in triplicate according to the L 9 orthogonal array are presented in Table 1 .
The ANOVA statistical analysis at a significance level of p = 0.05 showed that all input factors influenced the yield of carrot seed essential oil, with pH being the most significant one (contribution of 44.83%) ( Table 2) .
The results of the statistical analysis of the relationship between input factor levels and mean Eta values (3 replicates) are visually presented in Fig. 2 . The optimum levels of input parameters adopted for enzyme-pretreated carrot seeds were as follows: time 2.0 h, pH 10.5, temperature 35 °C and an enzyme preparation loading of 2.0 mL·100.0 g −1 of seeds. The theoretical amount of OeB was calculated for the determined optimum process conditions on the basis of the expected S/N ratio. The S/N value under optimal conditions is 0.800612, hence y i = 1.096 from equation (1).
To verify the optimum levels of input parameters, 3 experiments were performed, showing the yield of OeB (1.08 ± 0.004 g·100 g −1 ) to be approximately 48% higher than that of OeA (0.73 ± 0.001 g·100 g −1 ).
Physicochemical properties of carrot seed essential oils
The specific rotation and refractive index of the obtained essential oils did differ significantly, according to the Mann-Whitney test. Essential oil from the control sample revealed a specific rotation of −8.038 ± 0.0453 and a refractive index of n D 20 : 1.488635, while the corresponding figures for the essential oil from enzyme-pretreated seeds were −6.606 ± 0.031 and n D 20 : 1.488982, respectively. Commercially available essential oils from carrot seeds are not standardized in terms of refractive index and optical rotation, and there is little information about these parameters in the literature (Özcan and Chalchat, 2007; Pigulevskii and Kovaleva, 1955; Pigulevskii et al., 1965) .
Organoleptic observations
Essential oil from the control sample was a clear, oily liquid, amber-yellow in color, characterized by a heavy herbal-earthy scent. Essential oil from enzymatically pretreated carrot seeds was slightly lighter. Its scent was characteristic of essential oils from this kind of plant material; however, a slightly sour note was present.
Characterization of flavor compounds in carrot seed essential oils
75 (OeB) to 86 (OeA) chemical compounds were identified in the essential oils, which corresponded to 97.59% (OeA) and 98.95% (OeB) of their total composition. The composition of the essential oils was compared using a statistical tool (MannWhitney test) (StatSoft electronic manual, 2012, www.statsoft.com).
The content of the main compound, carotol, differed among the essential oils and was significantly increased (by 13%) by enzymatic hydrolysis (OeA: 40.80-OeB: 46.17%). The action of serine protease not only cleaves peptide bonds but also ester linkages (Topf et al., 2001 ), releasing carotol from its possible combinations with proteins. It is also possible that the degradation of protein quaternary structure increases the availability of carotol and facilitates its extraction.
Given that there was no other significant change in the concentration of oxygenated sesquiterpenes, this statistically significant increase in carotol content suggests that differences in the content of other compounds are likely to result from the enhanced extraction of this terpenoid, which changes the proportions in the chemical composition of the oil. Hence, a subsequent decrease in the percentage fractions of all analyzed groups of compounds (except for oxygenated sesquiterpenes) can be noted. Some statistically significant changes were observed for oxygenated monoterpenes: geraniol (OeA: 0.71-OeB: 0.42) and terpinen-4-ol (OeA: 0.95-OeB: 0.29); and sesquiterpenes: alpha-amorphene (OeA: 0.47-OeB: 0.22) and (Z)-beta-farnesene (OeA: 0.56-OeB: 0.47).
Similarity of the oils as determined by NIRS analysis
Near-infrared spectroscopy (NIRS) was applied to compare the essential oils OeA and OeB. Despite some differences observed in the composition of the essential oil from enzyme-pretreated carrot seeds, as revealed by the statistical analysis (Table 3) , the high correlation coefficient obtained (86.29%) indicates very high similarity of the quantitative contents of the main chemical compounds in the essential oils studied.
Antimicrobial activity
The antimicrobial activity of the essential oils derived from carrot seeds is shown in Table 4 . Both essential oils showed significantly higher activity against the tested Gram-positive bacteria (B. subtilis, S. aureus) than against Gram-negative bacteria (E. coli, P. aeruginosa), which is characteristic of all essential oils, possibly due to the existence of an outer membrane surrounding the cell walls of Gramnegative bacteria, limiting the diffusion of hydrophobic substances, such as oils, through the lipopolysaccharide layer of the wall (Burt, 2004) .
The growth of Gram-positive bacteria was inhibited at concentrations of 2-5 μL·mL ). The lower activity of OeB against bacteria in the genus Staphylococcus is associated with a significantly reduced content of camphene and linalool, which are compounds with high biostatic activity (Alma et al., 2004; Soković et al., 2010) . Their reduced content may also lower the activity of the essential oil from carrot seeds pretreated with Esperase ® against Gram-negative bacteria. On the other hand, OeB showed greater antifungal activity than OeA, which may result from the increased amount of carotol, which is a potent fungicide (Abad et al., 2007) with an efficiency comparable to that of commercial agents such as Funaben T (Jasicka- Misiak et al., 2004) , and limonene (Omran et al., 2011) . The activity of OeB against both molds (2 μL·mL 
CONCLUSIONS
It was proven that the use of M. circinelloides lipase, Xpect pectinase and Esperase ® serine protease prior to the hydro-distillation of carrot seeds results in an increased efficiency of essential oil extraction, with the highest yield afforded by Esperase ® . The optimal conditions for the enzymatic pretreatment of carrot seeds were selected by means of the Taguchi method. It was shown that the use of the enzyme preparation Esperase ® to treat waste carrot seeds prior to hydro-distillation under the optimal conditions (2.0 h; pH 10.5; 35 °C; enzyme preparation loading of 2.0 mL·100.0 g −1 seeds) improves the diffusion of the extractant and increases the efficiency of essential oil extraction by 48%. The presented method is free from defects typical of conventionally applied methods associated with insufficient degradation of plant tissue, which is especially OeA -essential oil from the control sample OeB -essential oil from seeds pretreated with Protease® important in the case of raw materials that contain small amounts of oil or are not readily available. What needs to be emphasized is the fact that the content of carotol in the enzyme-pretreated essential oil is higher by 13% than in the control sample.
The essential oil obtained from enzymepretreated carrot seeds has good antifungal properties (with its activity against molds being 2.5 times higher than that of the control sample) and lower bacteriostatic activity against Gram-negative bacteria. Its qualitative composition is similar to that of the control sample, as confirmed by NIRS analysis (a correlation coefficient of 86.29%); hence, it can be used in the food industry as a flavoring , and in pharmaceutical and cosmetic preparations. 
